Complete removal of metal species of interest using SC-CO2 or traditional solvent extraction from a matrix is quite important for a variety of fields, e.g., the pharmaceutical industry, food science, natural products, environmental remediation, radioactive decontamination, and the hydrometallurgical industry. [1] [2] [3] [4] [5] [6] [7] The quantitative extraction efficiency for both the extraction and collection of metal species is always an ultimate target. In the SFE system used for metal extraction, the amount of metal ions collected in the trap solution is oftentimes not equal to the quantity spiked in the extraction cell. The mass balance of this species is an important criterion for satisfactory extraction.
Introduction
Complete removal of metal species of interest using SC-CO2 or traditional solvent extraction from a matrix is quite important for a variety of fields, e.g., the pharmaceutical industry, food science, natural products, environmental remediation, radioactive decontamination, and the hydrometallurgical industry. [1] [2] [3] [4] [5] [6] [7] The quantitative extraction efficiency for both the extraction and collection of metal species is always an ultimate target. In the SFE system used for metal extraction, the amount of metal ions collected in the trap solution is oftentimes not equal to the quantity spiked in the extraction cell. The mass balance of this species is an important criterion for satisfactory extraction.
Knowing both the collection and extraction percentages, it is possible to obtain a mass balance of the metal, and hence ascertain if the metal has been efficiently chelated, solvated and transported from the sample matrix to the collection device. Mass balance can be utilized to indicate where the metal species are distributed, while the extraction is not quantitative. Eventually, this information can be used to improve the collection efficiency and also to optimize the system. To achieve this goal, a number of factors have to be surveyed or compromised in SFE, such as the temperature, pressure, static or dynamic extraction time, pH value, composition of the supercritical fluid, modifier, content of water, collection solvent, texture of the matrix, system design, chelating agents, stabilities and solubilities of both the ligand and the metal complex, etc. These factors will undoubtedly affect the merit of extraction and the collection efficiency. If the amount of metal in the collection media does not coincide with that spiked before extraction, it is necessary to investigate in order to understand where the metal ions are distributed in the SFE system.
Studies of SFE techniques using SC-CO2 as a solvent to remove metal species from solids have been reported by various research groups. [8] [9] [10] [11] [12] [13] Metal ions do not dissolve in non-polar SC-CO2 because of charge-neutralization requirements and the weak agent, such as diethyldithiocarbamate [(C2H5)2NCS2 -, DDC], metal ions could be extracted by SC-CO2 as dithiocarbamate complexes. 3, 11 Fluorination of the terminal ethyl groups of metal dithiocarbamate complexes was found to enhance the solubility in SC-CO2 by two to three orders of magnitude. 14 One of the problems encountered in SFE for metal extraction is in obtaining a quantitative recovery; previous attempts have been made to increase the solubility of the metal complex by enhancing the solubility of the ligand via fluorination, and/or increasing the alkyl chain length, or by enhancing the solubility of the supercritical fluid by adding a modifier. In this report, the main purposes are to (i) investigate the mass balance of Cd, Cu, Pb and Zn metal complexes in the SFE process, (ii) thoroughly understand where these species are distributed in the SFE system and which approach could efficiently extract metal complexes, and (iii) gain deeper insight about poor metal recoveries in terms of the ligand and metal complex stability in SC-CO2. Based on such an investigation, the recovery of metal complexes could be improved, and the experimental design may also be improved to reduce the ligandcomplex degradation and to optimize the extraction efficiency of the SFE system.
The collection efficiency was evaluated in terms of the ability of the organic solvent (or aqueous solution) to retain the metal complex in the collection vial. To ensure that a mass balance was achieved at the end of extraction, both the sample matrix and the extraction system were flushed with an organic solvent (for recovery of the unsolvated metal complex) and nitric acid (for recovery of the un-complexed or dissociated metal complexes). If a quantitative extraction is achieved, no spiked metal ions will remain in the sample matrix or in the extraction system after SFE. To the authors' understanding, there are presently no related papers in the literature discussing the mass balance of metal species in SFE. In the present work, a number of factors influencing SFE extraction were carefully investigated. The recovery percentages were investigated as well by using different flushing solvents, different pH values, and different extraction cells made of stainless-steel (S.S.) or polyetheretherketone (PEEK) material.
Experimental

Chemicals and apparatus
Sodium SFE was performed using SFE-grade premixed carbon dioxide and 5% mole methanol (Scott Specialty Gases, Plumsteadville, PA, USA) with an ISCO Model 260D syringe pump (ISCO, Lincoln, NE, USA). The pump was used in conjunction with an ISCO SFX 2-10 extraction unit operating at 60˚C. Non-stainless-steel, 10-ml high temperature crystalline (HTC) extraction cells were used throughout this study. The flow rate of CO2 through the extraction cell was measured as liquid CO2 at the pump and was controlled by an 18-cm-long × 50 µm i.d. × 375 µm o.d. fused-silica restrictor (Polymicro Technologies, Phoenix, AZ, USA). Perkin Elmer 2380 atomic absorption spectrometry (FAAS) with an air-acetylene flame was used throughout this study.
Procedure
Metal ions from Cd 2+ , Cu 2+ , Pb 2+ and Zn 2+ (50 µg each) were spiked onto ca. 8 g of acid-washed sea sand (Fisher, USA), which was already situated inside the extraction cell (volume = 9 ml). A stock solution of dithiocarbamate metal complexes was prepared by dissolving 10 mg of Cd(DBDC)2, 10 mg of Cu(DBDC)2, 20 mg of Pb(DBDC)2 and 10 mg of Zn(DBDC)2 in 10 ml of chloroform. A stock solution of the fluorinated FDDC complexes was prepared by placing 10 mg of Cd(DBDC)2, 10 mg of Cu(DBDC)2, 10 mg of Pb(FDDC)2, and 10 mg of Zn(FDDC)2 in 10 ml of chloroform. DBDC ligand (50 mg) was placed directly on top of the spiked sand, followed by 100 µl of distilled water, and additional sand to occupy the remainder of the cell volume. The cell was pressurized with 200 atm CO2/5% MeOH at 60˚C and left to equilibrate for 20 min. The extractant was collected in a 25-ml graduated flask containing 15 ml of methanol, chloroform, MIBK or 50% nitric acid, depending on the experiment's requirement. No attempt was made to control the collection solvent temperature during SFE, but the collection solvent volume was maintained during the extraction process by adding additional solvent to the collection vial.
Following depressurization, the SFE system was sequentially flushed first with an organic solvent and then an acidic solution. This was achieved by filling the extraction cell (which still contained the sand sample matrix) with chloroform and placing the vessel back into the extraction system. The solvent was then flushed out from the cell into an empty 25-ml graduated flask under the conditions of 200 atm, 60˚C and CO2/5% MeOH. This procedure was repeated using 50% nitric acid. The extracts were all made up of 20 ml in an appropriate solvent and analyzed with a Perkin Elmer 2380 atomic absorption spectrometer (FAAS) with an air-acetylene flame. Methanol, MIBK and nitric acid as solvents could be analyzed directly in FAAS. Chloroform extracts were evaporated to dryness and resolvated in 20 ml of methanol prior to FAAS analysis.
Effects of temperature and pressure
The temperature and pressure were evaluated using an aliquot (100 µl) of DDC stock solution into ca. 8 g of acid washed sea sand, which was situated inside a 10-ml ISCO HTC cell. The sand along with the spiked complex solution was left for 1 h to allow the chloroform to completely evaporate. The remainder of the cell was filled with sea sand and pressurized with 100, 200, 300, or 400 atm at 45˚C or 60˚C. Dynamic extraction was carried out with a flow rate of 1.5 ml/min for 20 min. Extracts were collected in a 25 ml graduated flask containing 15 ml of an appropriate solvent.
Effect of flushing solution
Samples were extracted first by MeOH modified CO2 and sequentially flushed by methanol, chloroform and HNO3. After SFE depressurization, the extraction cell containing sand was filled with methanol and mounted back into the extraction system. Under the condition of 200 atm and 60˚C, 5% MeOH modified CO2 was used to flush the contents into an empty 25-ml graduated flask. The procedure was repeated again using chloroform, and 50% nitric acid.
Effects of acidity
After completing the SFE step, the system was depressurized and sequentially flushed with methanol, chloroform and 50% HNO3, as described above. The last step was to investigate the un-chelated metal ions in the SFE system. The influence of the acidity was investigated by spiking the DBDC metal complexes (100 µl stock solution) with 200 µl of 5% HNO3 (pH = 0.1) onto the sand matrix. The procedure for preparing acidities of pH 2.9, 7, 10 are listed in the footnote of Table 5 . An air-dried sample was dynamically extracted for 20 min with a flow rate of 1.5 ml/min, at 200 atm and 60˚C. The extract was collected in an empty graduated cylinder and analyzed by FAAS.
Effects of cell materials
The extraction cells and tubing can be made of S.S. or PEEK materials. Stainless-steel tubing, cells, frits, etc., could affect trace amounts of metal complexes in the SFE process. If these factors can be accounted for, it will be easier for us to understand the balance of materials.
On-line dynamic extraction
An on-line dynamic extraction apparatus was constructed to enable the DBDC ligand to be continually added to the sample 364 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 matrix during the dynamic SFE step. The ligand was first dissolved in SC-CO2, and then flowed through into the sample matrix. The whole system was designed and operated as described above, except for the pre-saturation keystone cell (9 ml), which was filled with ca. 2 g of 100 µm o.d. glass beads, and 1 g of the DBDC ligand, connected with a tubing at the inlet of the SFX 2-10 extractor unit. The pre-filled cell enabled the pressurized CO2 to be better saturated with the ligand prior to entering the SFE system.
Results and Discussion
Distribution of metal species in SFE system
To ensure that a mass balance is achieved at the end of the SFE, the apparatus was flushed with organic and acidic solvents to recover any metal residue; this was done to validate that the metal was effectively chelated, solvated, transported and collected. The metal recoveries obtained from the SFE and the sequential flushing of the apparatus after extraction are given in Table 1 . The recovery efficiency is based upon three portions, i.e., sample matrix, SFE system and collection vial.
Sample matrix
The results in Table 1 indicate that 2 -8% of the metals were recovered upon flushing the apparatus with nitric acid. This suggests that either the ligand was not able to efficiently complex under the SC-CO2 conditions, or that once the metal complex was formed, it was not very stable in the SFE environment. It has also been suggested that when the metal ion is solvated in an aqueous medium (as probably occurred in this experiment as 100 µl of water was added to the metal spike on the sand matrix), a fraction of the metal may be transposed onto an insoluble carbonate salt during the extraction, and thus remain unextracted. 15 
SFE system
We conducted sequential flushing of the extraction system with chloroform (to recover the unextracted metal complex), followed by 50% nitric acid (to recover the metal ion). It appears that if a metal-chelate complex formed, it would have sufficient solubility in the SC-CO2 to be solvated and flushed from the apparatus; hence, only ca. 0 -6% of the complexes remained in the system. It was expected that DBDC metal complexes have relatively high solubilities in CO2. 15 Therefore, the poor metal recoveries appear to be related to the degradation and/or dissociation of the metal complex during SFE extraction, since 19 -38% (except Cu) of the metals in the system were recovered upon flushing the apparatus with nitric acid (Table 1) .
Collection vial
The results given in Table 1 show that with the exception of copper, only 57 -73% of the other three metals (Zn, Pb and Cd) were recovered in the collection solvents.
These nonquantitative recoveries were attributed to the poor trapping efficiency of the SC-CO2 fluid.
As can be seen, using combinations of these three portions described above, a quantitative mass balance may be achieved. We notice that metals distributed in different parts of the system after extraction were still in the form flushable by both organic and aqueous solutions. This demonstrates that metal complexes are either dissociated or intact in the SFE system. The stability of the metal complex would appear to be of great importance to the extraction process. 16 The stability constants (β) of DDC metal complexes similar to those used in the study are listed in decreasing order in Table 2 . This thermodynamic constant is defined as follows:
The β values given in Table 2 are expressed in terms of (1/n)log β, where n is the charge carried by the cation. The β value of each DDC complex represents the average of all data found in the literature. 17 There is a strong correlation between the stability constant and the extraction efficiency. For example, the copper complex, which has a high stability constant, was efficiently extracted and collected using SFE. Conversely, Pb, Cd and Zn metals with less stability constants were less efficiently extracted. This trend is to be expected because metal complexes with high stability constants usually have high extraction efficiencies.
A more quantitative extraction was achieved in the organic phase (or CO2 phase in the case of SFE) under equilibrium conditions. The recoveries may be partially related to the solubility and stability of the metal complexes. The solubility is probably more predominant than that of stability in SFE process. For example, Zn(DBDC)2 has low solubility on the order of 10 -4
, a high stability constant (1/n)log β (DDC complex) Sample matrix (filter paper) using a DBDC (50 mg) with water (100 µl), under the conditions of 200 atm, 60˚C, and CO2/5% MeOH. Twenty-minutes static time, followed by 20-min dynamic extraction, was used. Table 2 . Here, the solubility of the metal complex is probably a major factor dominating the extraction efficiency. In fact, all of the metal complexes investigated had adequate solubility to be dissolved in SC-CO2 during the static SFE step, so that the complexes could be potentially transported and recovered from the sample matrix during the dynamic extraction step. The factors of stability and solubility compete with and balance each other in the SFE process. Therefore, the majority of metal complexes could be removed and trapped by methanol; the dissolved and retained metal complexes in the SFE system could be washed out by an organic solvent (CHCl3), and the uncomplexed metal ions could be flushed out by nitric acid.
Stability of the DDC ligand
The un-quantitative metal complex recoveries are probably due to degradation of the ligand, or dissociation of the metal complex in SC-CO2. The initial study was to investigate the stability of the ligand. This was achieved by exposing the chelating agent to similar SC-CO2 conditions as that in the extraction/collection efficiency study. Under the conditions of 200 atm and 60˚C for 20 min of static extraction using the NaDDC ligand, it was observed that the majority of the chelate had been chemically degraded. Under the conditions of 200 atm and 60˚C for 20 min, previous studies had demonstrated that during conventional solvent extraction, the chelate rapidly decomposed into disulfide and diethylamine following a firstorder reaction rate, 15 or may have oxidized to tetraethylthiuram disulfide. 19 It is envisaged that similar degradation processes occur under SFE conditions.
The degradation of the ligand in SC-CO2 was further confirmed by conversion of the chelating agent to a metal complex after SFE. Our results indicate that the ligand had significantly degraded to an inactive form in a relatively short period of time (i.e., 20 min). This demonstrates that for the dithiocarbamate ligand to be effective in "static" extraction, the chelate must quickly complex with the metal ions at the beginning of SFE extraction, since the amount of ligand available for complexation dissociates with time. If the complexation process is kinetically limited (i.e., slow or inert) and takes minutes rather than seconds to reach equilibrium, SFE metal recoveries will be non-equilibrium, since the majority of the ligand will probably have already degraded before reaching equilibrium at 200 atm and 60˚C in 20 min.
Under conventional solvent extractions, metal ions such as Cd 2+ , Cu 2+ , Pb 2+ , and Zn 2+ generally form labile complexes practically within the limited time (i.e., under 60 s). There is no evidence to correlate between the thermodynamic stability (β) and the kinetic behavior of the complexes. The kinetics of the extraction process will undoubtedly involve several chemical reactions and distribution processes, and the overall reaction rate is determined by the slowest step. The extraction efficiency of SFE, where the metal ions are solvated in SC-CO2 by complexation, is to be determined by four main factors, namely: (1) the kinetic rate of complex formation; (2) the thermodynamic stability constant ((1/n)log β) of the metal complex; (3) the solubility of the resulting complex; and (4) the rate of forming an active form for a metal and a ligand. The fourth factor is probably more important, particularly for real samples. Three types of extraction mechanisms can be distinguished in the following aspect: the kinetic type, where the extraction rate can be controlled by the rate of a chemical reaction (e.g., formation of metal complex); the diffusion type, where the rate depends mainly on the rate of mass transfer (e.g., into SC-CO2); and the combination process, where the rate of extraction depends on both processes. The rate-determining step for metal extraction is usually the rate of metal-complex formation. 20 However, in some systems, the mass-transfer process is more important. 21 This process involves the diffusion in each phase, i.e., the transfer through the interface, and the reaction occurring at the interface.
Stability of the DBDC metal complexes
Since the dithiocarbamate ligand decomposed under SFE conditions, the stability of the corresponding metal complexes was also investigated. According to our experimental results (Fig. 1) , a significant fraction (e.g., ca. 60%) of the Zn-DBDC and Pb-DBDC metal complexes had been degraded instantaneously upon solvation at 200 atm, 60˚C, CO2/5% MeOH. This degradation of the complexes increased with increasing solvation time, so that after 20 min of static extraction the majority (e.g., over 80%) of the complexes had been degraded. At the end of the extraction/solvation step, most of the degraded complexes remained in the extraction cell, tubing, and wall of the system.
Effect of pressure on the recovery of the DBDC metal complexes
The main parameter affecting the SFE efficiency is pressure. In our experiments, spiked DBDC metal complexes were extracted at both high pressure (400 atm) and low pressure (100 atm); the results are given in Table 3 . The poor collection recoveries of the Pb(DBDC)2 complex were probably due to the dissociation of Pb(DBDC)2 in SC-CO2, with the pressure appearing to have no significant effect on the kinetics of the degradation process. Increasing the extraction pressure had a significant effect on the recovery of both Zn(DBDC)2 and Cu(DBDC)2 complexes, because quantitative recoveries of the metal were achieved at higher extraction pressures.
The major effect of increasing the pressure (hence, the density of SC-CO2 at a given temperature) is to increase the solubility of the metal complex in the fluid. The decomposition of the dithiocarbamate ligand and metal complexes in SC-CO2 is a drawback for the SFE process. The metal complexes appear to be relatively more stable than the ligand (NaDDC); therefore, pre-synthesized metal complexes will probably give more quantitative extraction results than the in situ chelation/SFE process.
Effect of temperature on the recovery of the DBDC metal complexes
The effect of temperature on the extraction efficiencies was also investigated. The effects of temperature on the stability of metal-DDC complexes were investigated by solvating the compounds in SC-CO2 at different temperatures. Table 4 shows the effects of temperature on the SFE extraction of metal complexes at both high (150˚C) and low (45˚C) temperatures. It can be seen that the highest metal complex recoveries were achieved at a lower temperature (45˚C), while lower recoveries were found at higher temperatures (Table 4) . At constant pressure the density of SC-CO2 increased with lowering the temperature.
Consequently, the solubility of substances decreased with lowering temperature.
Effect of pH on the recovery of the DBDC metal complexes
The effect of the pH was investigated, since the metal ions used in this study were prepared in a 5% HNO3 solution (pH ca. 0.1), which may have had a significant effect on the extraction. It is well known that the distribution coefficient of the complex increases as the pH of the aqueous phase increases, and that 366 ANALYTICAL SCIENCES MARCH 2006, VOL. 22
dithiocarbamates, like other chelates, exhibit a pH-dependent curve. To obtain a >90% extraction efficiency of Cd, Cu, Pb, and Zn metals with NaDDC in conventional solvent extraction, the pH of the aqueous phase must be in the range of 3.9 to 5.7. 17 In the presence of water (pH of ca. 2.9) under the SFE condition, 22 it could speed up the decomposition of ligands and their metal complexes. Table 5 shows the influence of the pH on the recovery of DBDC metal complexes. It can be seen that an acidic medium enhances the stability of the metal complex as the recovery, since significantly increased for both Pb and Zn complexes of DBDC, and no significant difference was found in the recovery of Cu(DBDC)2. The dithiocarbamates tended to rapidly degrade under acidic condition due to either the presence of water or the influence of the pH.
A further investigation on this phenomenon will be undertaken.
Note, an alternative dithiocarbamate salt, such as ammonium pyrrolidinedithiocarbamate (APDC), has a wide pH working range, and can extract metals from a more acidic medium than that of the NaDDC ligand. 17 
Effect of cell materials on the recovery of the DBDC metal complexes
The effect of using a metal SFE cell was investigated because the SFE high-pressure extraction systems used in this study were constructed by 316 stainless-steel (S.S., 67% Fe, 18% Cr, and 11% Ni). The metal system is known to cause degradation and ion-exchange problems, particularly for dithiocarbamate complexes. 23 Chelating agents might attack metals in the stainless-steel extraction system, and iron in S.S. might exchange with other metals. In this study, the SFE of metal complexes was investigated by both S.S. system and a PEEK system. The results given in Table 6 show a significant improvement in the recovery of the metal complexes in a PEEK extraction cell and PEEK tubing for Cd, Pb and Zn.
The result suggests that the stainless-steel apparatus enhances the degradation of the metal complex, or components. In the 367 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 Metal complex spiked onto sand. SFE, 20 min static time followed by a 20 min dynamic extraction at 60˚C, 5% MeOH modified CO2, trapped in MeOH. a. 15 ml of methanol collection solvent in a 25-ml graduated cylinder. b. Extraction cell, tubing, and restrictor flushed with 10 ml of CHCl3. c. Extraction cell, tubing, and restrictor flushed with 10 ml of 50% HNO3. stainless-steel extraction cell, metal exchanging with the metals in the DBDC complexes takes place. For example, the 316 stainless steel used to construct the SFE system consists of 10.7 wt% nickel. The nickel-DDC complex has a relatively high (1/n)log β value of 12.0, 23 which is higher than the (1/n)log β values of Pb and Zn, but lower than that of Cu. See Table 2 . It is therefore highly feasible that Ni in the stainless-steel exchanged with the Pb and the Zn metals in the DBDC complexes, but did not interact with the Cu(DBDC)2 complex. Hence, only the Pb and Zn recoveries were significantly reduced in the metal extraction apparatus. To confirm this theory, the SFE extracts will be analyzed for nickel. A similar phenomenon has been observed in the HPLC analysis of DDC metal complexes, where ligand exchanges with Ni from the stainless-steel column were eliminated using a PEEK system. 23 Note, that the stainless-steel system in Table 6 was the ISCO SFX 2-10 system, which consists of a non-metallic hightemperature crystalline (HTC) cell with stainless-steel frits and a large volume of stainless-steel equilibration and connection tubing. Thus, even though the DBDC complexes were initially placed in a HTC cell, there was still sufficient stainless-steel in the system to interact with the complexes. This gives an indication of the speed of the metal exchange process, because there was no static step in this study, and the exchange reaction must have occurred during the brief transport of the complex to the collection device. Thus, to avoid such reactions from occurring, a completely metal-free system is required.
Optimization of the extraction conditions
It is apparent that the stability of the ligand and metal complex is important concerning the extraction efficiency of the SFE system. To combat the continual degradation of the ligand and metal complex during SF extraction, a dynamic extraction process was investigated in which the ligand was continually added to the extraction cell. The results of this continual dynamic extraction are shown in Table 7 . Using a constant supply of ligand, the recovery is significantly enhanced so that the majority of the spiked metals, namely, Cu, Zn, and Cd, could be quantitatively (e.g., over 90%) extracted. However, Pb was still poorly recovered (e.g., 56% recovery) so the extraction time may need to be increased from 20 to 40 min to obtain quantitative recoveries.
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Conclusion
To obtain quantitative metal recoveries in an SFE extraction system, a series of conditions must be met, namely: (1) the metal ions must be efficiently chelated so that charge neutralization is achieved; (2) the resulting metal complexes must be sufficiently soluble in SC-CO2; (3) the complexes must have adequate stability to be effectively swept out of the extraction cell; and (4) the complexes must be quantitatively trapped in the collection device. Using the appropriate extraction conditions, as optimized in this study, it is envisaged that such quantitative recoveries will be achievable using dithiocarbamate ligands. Many previous studies have shown that the results of extraction from a spiked sample are very different from those when an analogous real sample is used.
